UREA PLAYS A CRITICAL ROLE in the urinary concentrating mechanism and, therefore, in the regulation of water balance. The major mechanism for delivering urea to the inner medullary (IM) interstitium is urea reabsorption from the terminal IM collecting duct (IMCD), which is mediated by urea transporter (UT)-A1 (19, 27) . A UT-A1/A3 knockout mouse has impaired urea clearance and urinary concentrating ability (7) .
UT-A1 activity is mainly regulated by vasopressin in vivo. The addition of vasopressin to the bath of a perfused rat terminal IMCD results in binding to V 2 receptors, stimulation of adenylyl cyclase III and VI, generation of cAMP, and enhanced facilitated urea transport (33, 35) . UT-A1 has several putative phosphorylation sites within the intracellular domains, including four consensus cAMP-dependent PKA phosphorylation sites (14) . Phosphorylation of UT-A1 is an important mechanism by which vasopressin rapidly increases urea permeability in vivo (35) . The activation of UT-A1 phosphorylation by PKA coincides with increased transepithelial urea permeability in perfused IMCDs (33, 35) and in UT-A1-expressing cultured Madin-Darby canine kidney (MDCK) cells (8) . UT-A1 phosphorylation by PKA is mainly at Ser 84 in the NH 2 -terminus (11) and two sites, Ser 486 and Ser
499
, within the large intracellular loop (2) . Ser 486 and Ser 499 are important for vasopressin-regulated accumulation of UT-A1 in the cell membrane and UT activity. The 14-3-3 proteins are a family of highly conserved eukaryotic proteins that regulate many cellular processes by binding to phosphorylated serine/threonine residues in diverse target proteins (9) . In mammals, there are seven 14-3-3 isoforms (␤, ε, ␥, , , , and ), which are encoded by separate genes. 14-3-3 proteins are widely expressed in almost all tissues. The ubiquitous nature of 14-3-3 proteins reflects their fundamental roles in eukaryotic biology (9) . The presence of seven 14-3-3 isoforms suggests the existence of isoformspecific interactions with different targets. Interaction of 14-3-3 with its various target proteins has multiple functional consequences (3, 9, 10, 22, 26) . Studies on extracts of proliferating HeLa cells using 14-3-3 affinity chromatography have identified Ͼ200 human phosphoproteins that could bind to 14-3-3 (22) , suggesting that 14-3-3 proteins may be central to integrating the regulation of biosynthetic metabolism, cell proliferation, survival, and other processes in human cells.
A number of membrane proteins, such as the CFTR (16), Na ϩ /Ca 2ϩ exchanger (NCX) (24) , human ether-a-go-go-related gene (HERG) K ϩ channel (13), Ca 2ϩ -ATPase pump (25) , Na ϩ /H ϩ exchanger isoform 1 (NHE1) (15) , and ␣ 2 -adrenergic receptor (23) , directly interact with 14-3-3 proteins. Their interactions play important roles in regulating membrane protein cell surface expression, stability, and activity. The goal of the present study was to investigate the possible role of 14-3-3 proteins in kidney UT-A1 regulation. We found that UT-A1 binds to the 14-3-3 ␥-isoform in a phosphorylation-dependent manner. However, this binding negatively regulates UT-A1 transport activity. We further found that 14-3-3␥ binding increases UT-A1 protein ubiquitination and degradation, thereby downregulating UT-A1 function.
MATERIALS AND METHODS
Animal and tissue preparation. All animal protocols were approved by the Institutional Animal Care and Use Committee of Emory University. Sprague-Dawley rats (Charles River Laboratories) weighing 200 -250 g were used for the evaluation of 14-3-3 expression in the kidney. The kidneys were removed, and the cortex, outer medulla (OM), and IM were dissected. Tissues used for RNA were snap frozen in liquid nitrogen, and those for Western blot analysis were lysed immediately in RIPA buffer (4) .
RT-PCR. Total RNA was extracted from tissues with TRIzol reagent (Invitrogen) and reverse transcribed to single-stranded cDNA with a first-strand cDNA synthesis kit (Invitrogen) according to the manufacturer's instructions. PCR was performed using an Advantage 2 PCR kit (Clontech). The primer sequences for each 14-3-3 isoform are shown in Table 1 .
Plasmid construction. All seven 14-3-3 isoforms in pGEX vector were generated in H. Fu's laboratory as previously described (5). Rat UT-A1 cDNA was cloned into the Xenopus expression vector pGH19 (pGH19-UT-A1) (6). 14-3-3␥ and 14-3-3 cDNAs from pGEX vector were subcloned into pGH19. NH 2-terminal FLAG (DYKDDDDK)-tagged 14-3-3␥ and 14-3-3 were generated by PCR and cloned into pcDNA3 vector. pcDNA3-hemagglutinin-MDM2 was kindly provided by Dr. Hua Lu (12) .
Cell culture, transfection, biotinylation, and immunoprecipitation. UT-A1-MDCK cells (8) and human embryonic kidney (HEK)-293 cells were maintained in DMEM supplemented with 10% FCS at 37°C in 5% CO 2. HEK-293 cells were grown in six-well plates to 80% confluency and transfected with the indicated plasmids using Lipofectamine (Invitrogen) for 48 h. Before cell harvest, some cells were treated with 6 M of the proteasome inhibitor MG-132 for 6 h and/or 10 M forskolin (FSK; Sigma) for 5, 15, and 30 min. Cell surface biotinylation was performed as previously described (6) . Cells were lysed in RIPA buffer. Equal amounts of postnuclear supernatants were used for glutathoine-S-transferase (GST) pulldown, Western blot analysis, and immunoprecipitation with the relevant antibodies.
GST pulldown assay. pGEX-4T2-14-3-3 constructs were transformed in Esherichia coli BL21 cells (Stratagene), and GST-14-3-3 fusion proteins were prepared as previously described (5) . UT-A1-MDCK cells were grown in six-well plates to confluency and treated with 10 M FSK for the indicated times. Cells were scraped into RIPA buffer, disrupted with a Polytron homogenizer, and centrifuged at 10,000 rpm for 10 min. Equal amounts (500 g) of cleared total lysates prepared from UT-A1 MDCK cells were first preincubated with GST beads alone for 2 h at 4°C with constant rotation. After centrifugation, the supernatant was collected and processed for GST pulldown assay by incubation with GST or GST-14-3-3 at 4°C overnight. After being washed, bound proteins were eluted in 50 l Laemmli buffer by boiling for 5 min and used for immunoblot analysis with UT-A1 or pan-14-3-3 antibody.
Lambda phosphatase treatment. For dephosphorylation treatment, UT-A1 MDCK cells were lysed in Nonidet P-40 buffer [50 mM Tris·HCl (pH 8.0), 150mM NaCl, and 1% Nonidet P-40] (34). Cell lysates (500 g/100 l) were incubated with or without 2 l lambda phosphatase (P0753, New England Biolabs) in the presence of 1 mM MnCl 2 at 30°C for 30 min. After incubation, samples were used for GST-14-3-3 pulldown. 14-3-3-bound UT-A1 was analyzed by Western blot analysis with a UT-A1 antibody.
Western blot analysis. Tissues were lysed in RIPA buffer (4) . The protein concentration was determined using BCA reagent (Pierce). Fifty micrograms of the lysates were used for immunoblot analysis. Membranes were routinely processed by blotting with 2.5% milk dissolved in 0.1% PBST and incubated overnight with primary antibody and then for 1 h with horseradish peroxidase-conjugated secondary antibody. Immunoreacting proteins were detected using an enhanced chemiluminescence kit (Amersham). The list of 14-3-3-specific isoform antibodies is shown in Table 2 . FLAG monoclonal antibody was purchased from Sigma (F1804). Ubiquitin antibody GST-14-3-3η GST-14-3-3σ
GST-14-3-3γ
GST-14-3-3ζ GST-14-3-3ε
GST-14-3-3β (P4D1) was from Santa Cruz Biotechnology (sc-8017). Rabbit polyclonal UT-A1 antibody was as previously described (28) . Secondary horseradish peroxidase-conjugated goat anti-rabbit IgG and secondary FITC-conjugated goat anti-rabbit IgG were purchased from Amersham. ImageJ software (National Institutes of Health) was used to quantify band density.
Immunohistochemistry. Kidney paraffin sections were dewaxed in xylene, hydrated, and then antigen retrieved in 0.01 M citrate buffer (pH6.0). Sections were incubated with 1% BSA and PBS for 20 min followed by primary antibody (rabbit anti-UT-A1 antibody at 1:200 or rabbit anti-14-3-3␥ antibody at 1:100) at 4°C overnight and FITCconjugated secondary goat anti-rabbit antibody (Sigma) at room temperature for 1 h. After being washed in PBS, slides were mounted with Vectashield (Vector Laboratories) and examined under a fluorescence microscope.
cRNA preparation, oocyte microinjection, and urea uptake measurement. To measure UT-A1 transport activity, a Xenopus oocyte system was used. Capped cRNAs were synthesized with T7 polymerase using the mMESSAGE mMACHINE T7 Ultra Kit (Ambion). Five nanograms of UT-A1 and 14-3-3␥ cRNAs were microinjected into stage IV-V oocytes. Three days later, UT activity was assessed by 14 C-labeled urea flux, and protein expression was detected by Western blot analysis as previously described (6) .
Statistical analysis. Urea flux data are expressed as means Ϯ SD. Statistical analysis was performed by one-way ANOVA followed by Tukey honestly significant difference tests.
RESULTS

Multiple 14-3-3 isofoms were detected in the kidney IM.
We first examined the expression pattern of seven 14-3-3 isoforms in the kidney. Total RNA was extracted from the rat kidney IM. RT-PCR was performed with specific primers for each specific 14-3-3 isoform. As shown in Fig. 1A , all seven isoforms were detected in the IM. The same results were seen in brain tissues.
To examine 14-3-3 protein expression in the kidney, subfractions of the kidney cortex, OM, and IM were isolated and used for immunoblot analysis with isoform-specific antibodies to 14-3-3. 14-3-3 and 14-3-3 are highly and widely expressed in the kidney as well as in the brain, heart, and liver. 14-3-3␥, 14-3-3, and 14-3-3ε are found in the cortex, OM, and IM but are mainly expressed in the IM. 14-3-3␤ is equally expressed in the kidney cortex, OM, and IM (Fig. 1B) .
UT-A1 specifically bound to 14-3-3␥. To investigate the possibility that UT-A1 interacts with 14-3-3, we performed pulldown experiments using all seven GST-14-3-3 fusion proteins. UT-A1 MDCK cells were treated with 10 M FSK for 0, 5, 15, and 30 min. Cells were lysed with RIPA buffer. The clear supernatants were used for GST-14-3-3 pulldown assay. As shown in Fig. 2 , UT-A1 specifically bound to the 14-3-3 ␥-isoform. The binding of UT-A1 to 14-3-3␥ was significantly increased in cells stimulated by FSK. A minor amount of UT-A1 was also pulled down by 14-3-3 and 14-3-3.
UT-A1 association with 14-3-3␥ was phosphorylation dependent. To more specifically determine whether UT-A1 binds to 14-3-3␥ in a phosphorylation-dependent manner, cell lysates were pretreated with lambda protein phosphatase 1 and then applied for a GST-14-3-3 pulldown experiment. Phospha- tase incubation caused UT-A1 bands to migrate fast (Fig. 3A) , indicating that UT-A1 is modulated by posttranslational phosphorylation. As shown in Fig. 3B , phosphatase treatment impaired UT-A1 association with 14-3-3.
Both UT-A1 and 14-3-3␥ were expressed in kidney IMCD epithelial cells. To explore the physiological significance of 14-3-3␥ regulating UT-A1 activity in vivo, we used immunohistochemistry to examine whether they colocalize in IMCD cells. Since the antibodies to UT-A1 and 14-3-3␥ are both rabbit in origin, we were unable to do double immunostaining but only single immunostaining for each antibody separately. UT-A1 is mainly expressed in terminal IMCD epithelial cells. As shown in Fig. 4 , both UT-A1 and 14-3-3␥ were detected in kidney IMCD epithelial cells, suggesting the possibility of their working together.
14-3-3␥ expression inhibited UT-A1 urea transport activity. To evaluate the functional consequence of 14-3-3 on UT-A1 urea transport activity, UT-A1 and 14-3-3␥ cRNAs were synthesized and coinjected into Xenopus oocytes. 14-3-3, which was not bound to UT-A1 (Fig. 2) , was used as a negative control. Three days later, UT-A1 urea transport activity was determined by 14 C-labeled urea uptake. Figure 5A shows that coinjection of 14-3-3␥ reduced UT-A1 urea transport activity. The decreased urea transport activity corresponded to decreased UT-A1 protein expression (Fig. 5B) . Coexpression of 14-3-3 also showed a tendency toward decreasing UT-A1 expression and activity.
14-3-3␥ increased UT-A1 degradation. To further explore the effect of 14-3-3␥ on UT-A1 protein expression, UT-A1 HEK-293 cells were transfected with different amounts of pcDNA3-FLAG-14-3-3␥ for 48 h. 14-3-3 protein expression was examined by pan-14-3-3 antibody. The upper bands in Fig. 6A indicate transfected FLAG 14-3-3␥; the lower bands in Fig. 6A indicated endogenous 14-3-3. 14-3-3␥ dose dependently decreased total and cell surface UT-A1 protein expression (Fig.  6A) . To determine if 14-3-3␥ promotes UT-A1 degradation, UT-A1 HEK-293 cells were transfected with FLAG-14-3-3␥ for 48 h. Cells were then treated with 100 g/ml cycloheximide to block protein synthesis, and UT-A1 protein degradation was chased after cycloheximide treatment by Western blot analysis of total cell lysates. As shown in Fig. 6 , B and C, 14-3-3␥ significantly increased UT-A1 degradation.
14-3-3␥ increased UT-A1 ubiquitination. To investigate whether the increase in UT-A1 degradation by 14-3-3␥ was linked to an increase in protein ubiquitination, HEK-293 cells were transfected with UT-A1 and 14-3-3␥ for 48 h. Before cell collection, cells were pretreated with 10 M MG-132 for 6 h. Ubiquitinated UT-A1 was detected from UT-A1-immunoprecipitated samples using ubiquitin antibody. As shown in Fig. 7 , the total abundance of UT-A1 was decreased, but ubiquitinated UT-A1 was increased after 14-3-3␥ transfection, suggesting that 14-3-3␥ promotes UT-A1 ubiquitination.
14-3-3␥ promoted mouse double minute 2 binding to UT-A1. Our previous study (4) showed that mouse double minute 2 (MDM2) mediates UT-A1 ubiquitination and that overexpression of MDM2 promotes UT-A1 degradation. We then asked whether the enhancement of UT-A1 ubiquitination by 14-3-3␥ could be due to the recruitment of the E3 ubiquitin ligase MDM2. We performed an immunoprecipitation experiment with HEK-293 cells cotransfected with UT-A1, hemagglutinin-MDM2, and FLAG-14-3-3␥. Interestingly, the coimmunoprecipitation assay showed that both MDM2 and UT-A1 were immunoprecipitated by FLAG-14-3-3␥ (Fig. 8) , indicating that 14-3-3␥ acts as an important recruiter of MDM2, which then mediates UT-A1 ubiquitination and degradation.
DISCUSSION
In the present study, we identified 14-3-3␥ as a novel UT-A1 partner. The properties of 14-3-3, which recognizes phosphorylated target proteins, suggest that it plays a potentially important role in the regulation of UT-A1 urea transport activity in the kidney through a phosphorylation signal cascade.
Unlike the ε-isoform of 14-3-3, which is the major species expressed in the heart (14) , our data reveal that there is no single isoform specifically expressed in the kidney IM. All seven 14-3-3 isoforms were detected in the kidney IM. Interestingly, 14-3-3 was not listed in a transcription gene profile study of isolated IMCD cells by Knepper's group (32) and our RNA-Seq analysis of gene expression from the IM (unpublished observations), but, in the present study, we found 14-3-3 expression in the kidney IM at low levels (Fig. 1) . This was verified by a DNA sequence with the RT-PCR product. However, our GST pulldown experiment showed that 14-3-3␥ is the specific isoform that binds to UT-A1 in the kidney IM; that is, although multiple 14-3-3 isoforms are expressed in UT-A1 14-3-3 γ 14-3-3σ Fig. 5 . Effect of 14-3-3␥ coexpression on UT-A1 urea transport activity. Oocytes were coinjected with cRNAs encoding UT-A1 (2 ng/cell) alone or with 14-3-3␥ or 14-3-3 (5 ng/cell) for 3 days. A: urea transport activity was measured by 14 C-labeled urea flux (n ϭ 5ϳ6 oocytes/3 min). **P Ͻ 0.01. B: 10 oocytes from each group were lysed in RIPA buffer. Protein expression was examined by Western blot analysis with UT-A1, pan-14-3-3, and actin antibodies.
IMCD cells, UT-A1 specifically associates with 14-3-3␥. The multiple other 14-3-3 isoforms that are expressed in the IM may contribute to other aspects of IM physiology.
Different proteins associate with different 14-3-3 isoforms. NHE1 associates with 14-3-3␤ (15) . HERG K ϩ channels bind to 14-3-3ε (13) . Some membrane proteins can interact with multiple 14-3-3 isoforms. For example, NCX2 interacts with 14-3-3 ␤-, -, -, and ε-isoforms (24) . At least three isoforms of 14-3-3 (, , and ) have been reported to interact with the cardiac voltage-gated Na ϩ channel Nav1.5 (1). Unlike NCX2 and Nav1.5, which interact with multiple 14-3-3 isoforms, our data show that UT-A1 more specifically binds to 14-3-3␥.
Protein phosphorylation is the primary mechanism that controls 14-3-3 binding. A previous study (22) has shown that Ͼ200 phosphoproteins associate with 14-3-3. Phosphorylation is a key regulatory mechanism for UT-A1 urea transport activation and activity in response to vasopressin in vivo (2, 33, 35) . In the present study, we found that the interaction of 14-3-3␥ and UT-A1 was dramatically enhanced when UT-A1 MDCK cells were treated with the cAMP/adenylyl cyclase stimulator FSK. This suggests that 14-3-3 modulates UT-A1 function particularly when it is phosphorylated. This was further confirmed by lambda protein phosphatase treatment (Fig. 3) , which showed that dephosphorylation reduces UT-A1 association with 14-3-3␥.
Association with 14-3-3 isoforms often activates and stabilizes the target proteins, although there are a few cases where binding inactivates the protein, reflecting the diversity of 14-3-3 functions. 14-3-3ε accelerates and enhances HERG K ϩ channel activation; the interaction stabilizes the lifetime of the PKA-phosphorylated state of the channel by shielding the phosphates from cellular phosphatases (13). 14-3-3 binding to phosphorylated CFTR augments its biogenesis by reducing retrograde retrieval of CFTR to the endoplasmic reticulum, and cAMP/PKA stimulation results in more CFTR protein (16). 14-3-3␤ increases apical membrane epithelial Na ϩ channel density and enhances Na ϩ absorption by binding to phosphorylated Nedd4-2 to block its interaction with epithelial Na ϩ channels (17, 21) . In the present study, we found that 14-3-3␥ negatively regulated Relative density (UT-A1/actin) Time (h) C * * * * * * Fig. 6 . Effect of 14-3-3␥ on UT-A1 stability. A: 14-3-3␥ coexpression reduces UT-A1 abundance. UT-A1 human embryonic kidney (HEK)-293 cells were transfected with different amounts of FLAG-14-3-3␥ for 48 h. Total and cell membrane (biotinylated) UT-A1 was detected by Western blot analysis with UT-A1 antibody. The same membrane was stripped and reprobed for pan-14-3-3 and actin. B: 14-3-3␥ increased UT-A1 protein degradation. UT-A1 HEK-293 cells were transfected with 14-3-3␥ or pcDNA3 vector. After 48 h, cells were treated with 100 g/ml cycloheximide (CHX), and total UT-A1 protein was chased for the indicated times. C: densitometry analysis of UT-A1 protein abundance of Fig. 6B from three separate experiments. The relative density of UT-A1 was normalized to the actin, and time 0 was set as 1. n ϭ 3. **P Ͻ 0.01.
UT-A1 urea transport activity. An inhibitory effect of 14-3-3ε was also observed on NCX (24) and Ca 2ϩ -ATPase (25) . However, the mechanism underlying the negative regulation by 14-3-3 is unknown. We found that overexpression of 14-3-3␥ resulted in a reduction of UT-A1 protein expression, consistent with the decrease in urea transport activity. This suggests that 14-3-3␥ regulation of UT-A1 function might be occurring by altering protein degradation. This speculation was verified when cotransfection of 14-3-3␥ in HEK-293 cells reduced total and cell membrane UT-A1 protein abundance (Fig. 6A ) and increased UT-A1 degradation (Fig. 6B) .
Vasopressin regulates urea permeability in the IMCD through increases in UT-A1 phosphorylation and apical plasma membrane accumulation (2, 33) . We recently reported that FSK, the adenylyl cyclase stimulator often used for in vitro experiments to stimulate UT-A1 urea transport activity, can also promote UT-A1 ubiquitination and protein degradation, revealing the other side of UT-A1 phosphorylation by vasopressin or FSK (29, 30) . This observation has led to the hypothesis that phosphorylation could be required for UT-A1 ubiquitination. In fact, the ubiquitination of a number of important proteins is triggered by phosphorylation (18, 20, 31) . This may have important physiological significance. When the cell is stimulated by vasopressin in vivo, UT-A1 is phosphorylated and turns to an active form. However, UT-A1 phosphorylation also triggers the degradation system. This could be the general mechanism that allows the cell to return to an unstimulated, basal state after responding to stimulation by vasopressin. The findings of our present study strengthen the hypothesis of phosphorylation-ubiquitination-degradation-downregulation. Figure 9 shows the important role of 14-3-3␥ in the regulation of UT-A1 function after UT-A1 is activated in response to vasopressin. Once UT-A1 is activated (phosphorylated), it incurs 14-3-3␥ binding, and 14-3-3␥ protein recruits MDM2 and stimulates UT-A1 ubiquitination and degradation. This process forms the feedback to attenuate the response and ultimately return cells back to the basal state after vasopressin stimulation. Fig. 9 . Model of UT-A1 activation, ubiquitination, and degradation. UT-A1 is activated by arginine vasopressin (AVP) in vivo (or FSK in vitro) to an active form for urea transport activity. Once UT-A1 is phosphorylated, it causes a number of phosphorylation-dependent protein bindings, including that of 14-3-3 protein. 14-3-3 subsequently recruites the ubiquitination E3 ligase MDM2 and, therefore, promotes UT-A1 ubiquitination and degradation, attenuates the cell's response to vasopressin stimulation, and eventually brings cells back to their basal condition.
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